The dynamics of a multi machine power system are both nonlinear and interconnected. The equilibrium of such a system is typically unknown and uncertain, and the controllers within are also subject to physical limitations. In this paper, application of nonlinear H∞ robust power system stabilizer design is presented for a three machine system. Based on the latest development of nonlinear H∞ robust control theory, a control design is applied to stabilize the linearized uncertain system using Glover-McFarlane's loop shaping design procedure for a three machine system. Guidance for setting the feedback configuration for loop shaping and synthesis are presented. The results of simulation studies are presented.
1.INTRODUCTION
The main objective of installing power system stabilizer (PSS) is to achieve desired stability and security at a reasonable cost by adding damping to electromechanical oscillations. They were developed to extend stability limits by modulating the generator excitation to provide additional damping to the oscillations of synchronous machine rotors. In recent years there has been an increasing interest on applying advanced control designs in power systems like adaptive control, H∞ control, synthesis, nonlinear control, feedback linearization, fuzzy logic control and neural control have been reported [13] . The goal of these studies is to achieve stability and performance robustness. Conventional stabilizers are not designed in a way to guarantee the desired level of robustness. Such designs are specific for a given operating point; they do not guarantee robustness for a wide range of operating conditions. To include the model uncertainties at the controller design stage, modern robust control methodologies have been used in recent years to design PSS [10] . The resulting PSS ensures the stability for a set of perturbed operating points with respect to the nominal system and has good oscillation damping ability. The proposed control is free from common deficiencies of power system nonlinear controllers as network dependence and equilibrium dependence.
The H∞ optimal controller design is relatively simpler in terms of the computational burden. This paper uses the GloverMcFarlane H∞ loop shaping design procedure [1] to design the PSS. It combines the H∞ robust stabilization with the classical loop shaping technique. In contrast to the classical loop shaping approach, the loop shaping is done without explicit regard to the nominal plant phase information. The design is both simple and systematic. It does not require an iterative procedure for its solution. In this work, we use this design procedure to PSS design for a three machine, nine bus system and provide some basic guidelines for loop shaping weighting selection and controller design paradigm formulation.
The rest of the paper is organized as follows: In Section II, the power system model description and problem statement are provided. In Section III, the controller design paradigm is given together with detailed simulation results in Section IV; and finally, in Section V conclusions are provided.
2.POWER SYSTEM MODEL
To study the control of power system oscillations, threemachine, nine bus system, taken from [8] was used. In this system, the synchronous machine is modeled using Model 1.1 [9] in which case one field winding on d-axis and one equivalent damper on q-axis are considered. The relevant equations [9] of model1.1 are provided in Appendix. Each parameter in the equations is a vector or matrix. The system model is created using simulink available in Matlab.
If the PSS design is based on the one machine infinite bus model, after the installations of PSSs on most machines of a large power system, low frequency oscillations may still occur because of the lack of coordination of these stabilizers [12] . Hence coordinated application of PSSs is required. To achieve the coordination, the state matrix of the entire system is used to design PSS using Glover-McFarlane H∞ loop shaping design procedure. For the system considered this procedure yields three stabilizers one at each machine. Using participation factor technique [16] stabilizers are placed only at the machines where PSS is more essential. For the example considered, the eigen value associated with the two swing modes at the given operating point with out PSS are given in Table 1 
3.ROBUST CONTROLLER DESIGN
The Glover-McFarlane H∞ loop shaping design procedure [1, 14] consists of three steps:
3.1Loop shaping
In loop shaping design, the closed-loop performance is specified 
3.2Robust stabilization
It has been shown that the largest achievable stability margin max, can be obtained by a noniterative method [4, 1] . max, is the stability margin for the normalized coprime factor robust stability problem [1] . It provides a robust stability guarantee for the closed loop system. Suppose denotes the Hankel norm. The controller is now defined by selecting <= max , and then synthesizing a stabilizing controller K , which satisfies ε-1 ( See Fig 1a) . denotes the H∞ norm which is the supermum of the largest singular value over all frequencies. If max <<1 return to (1) and adjust W1 and W2.
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3.3The final feedback controller K
It is then constructed by combining the H∞ controller K with the shaping functions W1 and W2 such that K=W1 K W2 (see Fig 1b) 
3.3.1Loop shaping
The state matrix representation of the system is obtained. The eigen values of this system correspond to the inter-area mode. The damping ratio of the system is computed. The system has poor damping at frequency 7.83 and 12 rad/sec.The objective of loop shaping is to increase the open-loop gain around this frequency [14] .
Selection of W 1
We add pole and zero pairs to achieve gain increase in the desired frequency range while keeping the gain change as small as possible around other frequency values [1] . A washout filter block in W1 with time constant 10s is used to ensure the controller only works in the transient state [14] . The selection of the pole at 1/0.5780 and the zero at 1/0.33 increased the gain around the frequencies of interest so that the plant input disturbance can be attenuated effectively. The resulting transfer function for the weighting W1 is
Selection of W 2
With W2=1, the open loop gain Gs= W2G W1 was very less and more over the slope of the shaped plant was low at low frequencies. To increase the gain of the system at low frequency, three repeated zeros are added at 10. To make W2 proper and to achieve proper slope of Gs at cross over frequency three poles are added at insignificant frequency of 1000. The reduced dc gain of W2 is compensated by using a constant 26 [14] . The resulting transfer function for the weighting W2 is The resulting singular value plot of nominal system G, W1, W2 and Gs as shown in Figure 2 . 
3.3.4H∞ synthesis
Next, we synthesized a K controller to achieve robust stability for the nominal plant. According to (1), the maximum stability margin is max= 0.3868. This margin evaluates the feasibility of our loop shaping design. According to McFarlane and Glover [3] , given the normalized left coprime factorization of the nominal plant as
Gs0=
, the controller K can stabilize all Gs = satisfying . This controller stabilizes a gap ball of uncertainty with a given radius if and only if it stabilizes a normalized coprime factor perturbation ball of the same radius. Thus, in terms of the gap metric, all Gs with g(Gs,Gs0)< 0.3868can be stabilized by this controller.
3.3.5The final controller K
The final controller is the combination of W1and W2 with K , that is K=W1 K W2. After adding the designed controller, the damping of the nominal closed-loop system has increased.
3.3.6Controller order reduction
We want to conduct a nonlinear simulation using simulink to examine the performance of the designed controller. The resulting controller has a high order. The bode plots of the full-order controller and the reducedorder controller are shown in Fig. 3 .We note that the gain of the controller does not roll off rapidly at high frequencies. 
3.3.7Convevtional PSS (CPSS)
The parameters of CPSS [9] are Tw=10, Ks=4, T1=0.1, T2=0.01, T3=0.0, T4=0.0, Vsmin=-0.05 & Vsmax=0.05.
SIMULATION RESULTS
Nonlinear simulations are performed using simulink to test the efficiency of the designed controller. Simulation is carried out by creating three faults namely 1) 10% increase in Mechanical torque for 0.1sec followed by restoring the torque back to initial value. 2) 10% increase in Vref 0.1sec followed by restoring Vref back to initial value. 3) Three phase fault at the bus bar for 0.1 sec Case1: 10% increase in Mechanical torque for 0.1sec followed by restoring the torque back to initial value. The response is shown only at machine2 in the following figures although the response at other machines is also similar. Case2: 10% increase in Vref for 0.1sec followed by restoring Vref back to initial value. The response is shown only at machine1 in the following figures, though the response is similar at other machines. 
Figure 8
Case3: Three phase fault at bus no.7 for 0.1 sec. Again due to want of space response only at machine 3 is shown in the following figures. Form fig.3 to fig.11 it can be clearly seen that the transients disappear very quickly incase of system with Robust Pss compared to system with Cpss when the system is subjected to different types of disturbances. 
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The responses shown in fig12, fig14, fig16 and fig18 correspond to system with Robust Pss while fig13, fig15, fig17 and fig19 correspond to system with Cpss. It can be clearly seen that in case of the system with Robust Pss the settling time is almost independent of the operating point and the system is subjected to low transients contrary to the system operating point and the system is subjected to large transients. 
5.CONCLUSION
A systematic approach to design PSS using GloverMcFarlane's loop shaping procedure is presented for a three machine system. The resulting PSS can stabilize the system with perturbations within a gap metric ball with respect to the nominal plant. Simulations demonstrate the good damping performance of the designed controller. H∞ controller can achieve robustness while the design procedure used is much simpler. The analysis has been used to verify the robustness of the designed controller. Collectively, these results show that the loop shaping controller provides better robustness. The above procedure can be applied to large multimachine / intraarea power system to design the robust controller to take care of the intra-area oscillations under perturbed conditions.
7.APPENDIX
The equations of multimachine system corresponding to Model 1.1 are [9] : and where is the complex admittance matrix which is obtained by augmenting the bus admittance matrix YN by shunt admittance Yg of generator and load admittances at the generator and load buses Yl
7.1The Data
This section lists the data [8] 
